Evidence for composition variations and impurity segregation at grain boundaries in high current-density polycrystalline K-and Co-doped BaFe 2 As 2 superconductors
Iron pnictide superconductors form a class of layered Fe-As compounds that exhibit superconductivity with a transition temperature, T c , up to 56 K. 1 Numerous studies have been performed to elucidate their structure-property relationships, and it is now quite clear that the superconducting properties of these low carrier density metals are strongly affected by composition, 2 compositional inhomogeneities, 3, 4 impurities, 5 and grain boundaries (GBs). 2, 6, 7 It was earlier found that the critical current density (J c ) of Co-doped BaFe 2 As 2 (Ba122) 2, 6, 7 [001] tilt thin-film bicrystals decreased quasi-exponentially as a function of GB disorientation angle, much as in YBa 2 Cu 3 O 7Àd (YBCO), 8 though at a less steep rate. In an attempt to explore the capabilities of polycrystalline forms for applications, several groups have explored the J c values of textured and untextured tapes, bulks, and round wires. [9] [10] [11] [12] [13] An important breakthrough was made by Weiss et al. 9 who demonstrated that J c > 10 4 A/cm 2 could be obtained in fine-grain (<100 nm) K-doped Ba122 bulk and wire forms without a global texture, where the wetting Fe-As phase responsible for low J c in so many bulk forms 14 was avoided by reaction at no more than 600 C. Subsequent studies of rolled or pressed tapes of K-doped Sr122 has raised J c by several times, 15, 16 at least in the most favorable direction, suggesting that texture is valuable and some intrinsic super-current blocking occurs in randomly oriented GBs, not just [001] tilt GBs. There may, however, be only limited interest in a tape-form conductor given the competition from higher T c tape-form YBCO coated conductors (T c $ 90 K) and tapes of (Bi,Pb) 2 Sr 2 Ca 2 Cu 3 O 10 (Bi2223) (T c $ 100 K). As a round wire, however, there are many attractions of a 38 K superconductor like K-doped Ba122 with almost no electronic anisotropy (H c2 anisotropy $1.1) and H c2 (0) $ 90 T, provided that the in-field current density can be raised to $5 Â 10 4 A cm À2 in the 10-30 T range at 4.2 K. 17, 18 It is therefore very important to understand if the properties of present Ba122 polycrystals are limited by intrinsic GB properties or by extrinsic factors such as impurity segregation or chemical composition variations that take GB compositions far away from the bulk compositions. Transmission electron microscopy (TEM) has revealed oxide phase formation at the GBs in a polycrystalline (Sr 0.6 K 0.4 )Fe 2 As 2 superconductor, 19 but slight compositional changes and segregation of lighter atoms on a smaller length scale can be difficult to detect and quantify by analytical TEM, especially due to the rapid degradation of electrontransparent samples, which has prevented accurate quantitative analyses of GBs of the higher J c K-doped 122 samples.
In this letter, we examine GB compositions of K-and Codoped polycrystalline Ba122 superconductors, (Ba 0.6 K 0.4 )Fe 2 As 2 , (Ba 0.4 K 0.6 )Fe 2 As 2 , and Ba(Fe 0.92 Co 0.08 ) 2 As 2 , employing atom-probe tomography (APT). APT characterization produces a three-dimensional (3-D) reconstruction of the lattice on an atom-by-atom basis, which permits an accurate chemical concentration measurement of all the elements in the periodic table with essentially the same detection efficiency. The 3-D atomic scale reconstruction of a sample is obtained by combining the times-of-flights (TOFs) and the x-, y-, and z-positional data of all the field-evaporated atoms in an analyzed volume with a)
Author to whom correspondence should be addressed. sub-nanoscale spatial resolution. Additionally, TOF mass spectra, based on mass-to-charge state (m/n) ratios, are utilized to obtain quantitative chemical analyses of the 3-D reconstructed sample.
The samples were all prepared from pure elements (Alfa Aesar, Ba, Fe, K, As, and Co with 99%, 99.5%, 98%, 99%, and 99.8% purity, respectively). Although these all had high purity and were handled in a glove box with <1 ppm O 2 , in fact they do introduce a measurable oxygen contamination, as described later. The elements were mixed to obtain polycrystals of nominal compositions (Ba 0.6 K 0.4 )Fe 2 As 2 , (Ba 0.4 K 0.6 )Fe 2 As 2 , and Ba(Fe 0.92 Co 0.08 ) 2 As 2 and then ball milled for 1 h. After ball milling they were wrapped with Nb foil and placed in stainless-steel ampoules that were evacuated, welded shut, compressed into pellets in a cold isostatic press at 275 MPa, and then heat treated in a hot isostatic press (HIP) under 192 MPa of Ar at 600 C for 20 h, a temperature below that needed to form the GB-wetting FeAs phase. To obtain a more homogeneous chemical composition, the material was remilled and heat treated again at 600 C for 10 h in the HIP. For the Ba(Fe 0.92 Co 0.08 ) 2 As 2 wires, the bulk material was milled for a third time and packed into a Ag tube (6.35 mm outer diameter, 4.35 mm inner diameter), whose ends were plugged, swaged, and welded shut. The tube was then groove rolled, followed by drawing to a 0.8-mm-outer-diameter wire. Pieces of the Agclad wire were sealed in Cu tubing (1.57-mm-outer-diameter, 0.86 mm-inner-diameter) under vacuum by welding the ends shut. The Cu tubing was then groove rolled to an outer diameter of $1.35 mm. The Cu/Ag-clad wires were then compressed in a cold isostatic press under 2 GPa pressure and further heat treated at 600 C for 10 h in the HIP. After the superconducting characterization described below, each sample was then fabricated into needle-shaped specimens with a microtip radius of <20 nm using a standard lift-out technique, utilizing a dual-beam focused-ion beam (FIB) microscope (FEI Helios Nanolab). [20] [21] [22] [23] Microtip samples were immediately inserted in the APT's ultrahigh vacuum chamber to minimize exposure to air, though some oxygen was detected on the surface of the microtip, which was removed by field-evaporation. A laser-assisted localelectrode APT (Cameca LEAP 4000XSi) was utilized, employing an ultraviolet picosecond laser with a wavelength of 355 nm, a pulse repetition rate of 250 kHz, and an energy per pulse of 20 pJ, resulting in an evaporation rate of 0.005 to 0.02 ion per pulse. The 3-D image reconstruction and chemical analyses were performed using the software package IVAS 3.6.6. Figure 1 displays the superconducting transitions as a function of increasing temperature after zero-field-cooling (ZFC) the samples to 5 K and then applying a magnetic field of 2 mT. All three samples exhibit sharp diamagnetic transitions indicative of macroscopically uniform and strong superconducting coupling across the whole sample, thus indicating that many, if not all, GBs are carrying current. Figure 1(b) demonstrates that the magnetization J c (calculated using the Bean model and the sample dimensions) in the K-doped samples approaches 10 5 A cm À2 at self-field and 4.2 K, values very similar to those of previously studied samples of bulk or wire specimens of (Ba 0.6 K 0.4 )Fe 2 As 2 measured in transport. 9 The J c of the over-doped (Ba 0.4 K 0.6 )Fe 2 As 2 sample is similar to the optimally doped (Ba 0.6 K 0.4 )Fe 2 As 2 sample, even though it has a lower T c of 28 K. For completeness, we note that about a twice higher in-field J c in untextured bulks of (Ba 0.6 K 0.4 )Fe 2 As 2 have been obtained by us in the best samples made by this route. 24 These differences may be due to variations either of the vortex pinning strength or variations in the GB connectivity. Without accurate knowledge of the structure and composition of the GBs, supplied by experiments of the type reported herein, it is impossible to decide between these two possibilities.
The bulk chemical-compositions of each sample measured using APT are summarized in Table I . These compositions are based on total ion counts of 12 489 403, 2 253 152, and 20 281 659 for (Ba 0.6 K 0.4 )Fe 2 As 2 , (Ba 0.4 K 0.6 )Fe 2 As 2 , and Ba(Fe 0.92 Co 0.08 ) 2 As 2 , respectively. All three samples are globally Fe-rich and As-poor. For K-doped Ba122, the concentration of K is 1.03 at. % higher and 1.55 at. % lower than the nominal compositions of (Ba 0.6 K 0.4 )Fe 2 As 2 and (Ba 0.4 K 0.6 )Fe 2 As 2 , respectively. Similarly, Co-doped Ba122 contains 2.08 at. % higher Ba, 3.32 at. % higher Fe, and 6.59 at. % lower As concentrations with respect to the nominal composition of Ba(Fe 0.92 Co 0.08 ) 2 As 2 . The measured Co composition was 3.11 at. %, close to its nominal composition. Ba compositions were both under and over the nominal value. A significant O contamination was, however, also observed in both K samples and it was more marked in the over-doped sample compared to the optimally doped sample (3.96 vs. 1.32 at. % of oxygen). Very few detailed analyses of polycrystalline 122 samples have, however, been made, so that it is unclear whether these are typical or atypical of chemical composition variations in carefully processed samples. As noted, the strong shielding exhibited in the T c plots suggests rather good superconducting uniformity, even given these global deviations from the expected compositions. The Ba(Fe 0.92 Co 0.08 ) 2 As 2 sample contained 1.28 at. % O. Figure 2 shows 3-D reconstructed images of the three polycrystalline Ba122 compositions that clearly indicate that O atoms (blue) can segregate strongly to the GBs of all three samples. For clarity only Ba (orange) and no K, Fe, and As atoms are displayed in the 3-D reconstructed images. All GBs lie perpendicular to the images displayed in Fig. 2 . In Fig. 2(a) , the optimally K-doped sample with the highest J c , (Ba 0.6 K 0.4 )Fe 2 As 2 , exhibits the least oxidation, the majority of visible GBs being clean. Where oxygen is present, it appears densely on GBs. The over-doped K sample contains three GBs (GB1, GB2, and GB3 in Fig. 2(b) ), which are much more fully oxidized, consistent with the higher bulk O concentration indicated in Table I . Contamination is even more complete in the more extensive GB network of the Codoped Ba(Fe 0.92 Co 0.08 ) 2 As 2 wire; the most clean GBs are indicated as GB1 and GB2 in Fig. 3(c) . Note, however, that each sample has uncontaminated regions of GBs, across which we speculate super-current transport may be more favored.
Line scans across the GBs (Fig. 3 ) demonstrate clearly broader changes in the chemical compositions of GBs with respect to the grains themselves. In general, GBs are depleted in both Ba and Fe, and enriched in O. Based on the mass spectra obtained (supplementary material, Fig. S1 ), 25 a peak appears at m/n ¼ 91, which is suggestive of AsO as the GB oxide. The K-doped Ba122 samples, in particular, exhibit depletion of the K dopant at the GBs, Figs. 3(a) and 3(b). GB1 of the (Ba 0.6 K 0.4 )Fe 2 As 2 sample presented in Fig.  2 (a) displays local minimum concentrations of 11.84 at. % Ba and 6.21 at. % K, while GB1 of the (Ba 0.4 K 0.6 )Fe 2 As 2 specimen displayed in Fig. 2(b) has local minimum concentrations of 6.61 at. % Ba and 4.16 at. % K. Additionally, this sample exhibits local maximum concentrations of 38.15 at. % Fe and 9.34 at. % O at the GB, which may also be attributed to AsO. The concentration profile of the Co dopant in Ba(Fe 0.92 Co 0.08 ) 2 As 2 is unchanged across the GB: Figs. 3(c) and 3(d) taken from GB1 and GB4, as shown in Fig.  2(c) . AsO is the only oxide type found in the K-doped Ba122 samples, whereas the Co-doped sample contains both AsO (Fig. 3(c) ) and a Ba-rich oxide (Fig. 3(d) ). Such oxide formations are correlated with local minimum or maximum concentration profiles across GBs. Segregation of O atoms along a GB is strongly correlated with the formation of As-oxide and Ba-oxide, which results in significant compositional changes of the neighboring grains of the K-and Co-doped Ba122 polycrystals. Interestingly, this does not degrade the susceptibility plots ( Fig. 1(a) ), which display sharp superconducting transitions, though T c for the samples was lower than for the best single crystals. Table II lists the compositions measured inside the grains. Since O segregates at the GBs, the grains contain less O than the average bulk compositions of Table I . The Ba and K (or Co) concentrations are higher and As is approximately 15% lower than the nominal (as weighed out) compositions of all three samples.
The meaning of all of these results is not yet clear, but one very important observation is that oxygen impurities concentrate at the GBs, suggesting that the critical current density properties have an extrinsic and not just an intrinsic component. Although O can be a beneficial dopant in the 1111 compounds where it, like F, dopes carriers into the FeAs layers; it is far from certain that O is beneficial for the 122 compounds studied herein, especially as it forms Asand Ba-oxides. Based on the sharp superconducting transitions and the rather high J c values (about a factor of 10 less than single crystals and about 100 times less than Co-doped 122 thin films), we know that there is considerable GB transport in the superconducting state, much more than occurs in (clean) untextured polycrystals of cuprates. 26 Thus, the problem of how to increase J c of the polycrystals seems to be a mixed intrinsic/extrinsic one. What is clear is that the APT can reveal this segregation.
If practical applications are to be achieved in Fe-based superconductors, they need to fill a niche where current superconducting technology is lacking. The high H c2 , of $90 T, the intermediate T c of 35-38 K, and most importantly, the possibility of developing high J c in round untextured wires by traditional industrial processes, may bring concomitant advantages in terms of price and production scalability for fields of greater than 10 T and temperatures above 20 K, where the only present alternatives are tapeform conductors. The presence of GB oxygen and the significant GB compositional variations on length scales of about 10 nm, which is 2-3 coherence lengths (n) sets up conditions for blocking of current at GBs. Yet, actually the important result from a superconducting point-of-view is that J c values of 10 5 -10 4 A cm À2 can be obtained, even with these high GB densities in fine-grained samples. Clearly some GBs are effectively transmitting super-currents, and perhaps it is the less contaminated GB regions that are indicated by the present APT study. We also note that the GB segregated regions observed herein are much thinner than those reported by Wang et al. 19 Additionally, for the record we note that an APT study on the conventional, s-wave superconductor Nb 3 Sn display moderate impurity segregation of Cu to Nb 3 Sn GBs, which is not believed to harm the super-current transport properties. 27 For these and other reasons, we believe that additional APT studies of GB chemistry and impurity segregation in combination with electromagnetic characterization and modeling, will be useful to better understand the fundamental properties of weak links in the Febased superconductor systems and to disentangle intrinsic from extrinsic properties.
In summary, overall compositions and GB segregation of oxygen atoms in three compositions of the pnictide superconductors, (Ba 0.6 K 0.4 )Fe 2 As 2 , (Ba 0.4 K 0.6 )Fe 2 As 2 , and Ba(Fe 0.92 Co 0.08 ) 2 As 2 , have been studied by local-electrode atom-probe (LEAP) tomography. We find significant variations of composition between grains and GBs and significant GB segregation of oxygen. Segregated oxygen atoms tend to react to form local As-oxide and Ba-oxide on a width of approximately 5-10 nm in these high J c samples, suggesting 
